Abstract-Dual-band metamaterial absorber (MA) with polarization independency based on omega (Ω) resonator with gap and octastar strip (OSS) configuration is presented both numerically and experimentally. The suggested MA has a simple configuration which introduces flexibility to adjust its metamaterial (MTM) properties and easily re-scale the structure for other frequencies. In addition, the dualband character of the absorber provides additional degree of freedom to control the absorption band(s). Two maxima in the absorption are experimentally obtained around 99% at 4.0 GHz for the first band and 79% at 5.6 GHz for the second band which are in good agreement with the numerical simulations (99% and 84%, respectively). Besides, numerical simulations validate that the MA could achieve very high absorption at wide angles of incidence for both transverse electric (T E) and transverse magnetic (T M ) waves. The proposed MA and its variations enable myriad potential applications in medical technologies, sensors, modulators, wireless communication, and so on.
INTRODUCTION
MTMs have gained considerable attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] due to their unusual features and beneficial applications in numerous devices for different regimes of EM spectrum [11] [12] [13] [14] [15] . The concept was started by Veselago in 1968 [16] and continued with the studies of Pendry and his colleagues [17] . After that, the first experimental study on MTMs at microwave frequencies was performed by Smith and Kroll in 2000 [18] . Since then, MTM topology continues to be of great interest and practical importance owing to a variety of potential applications due to the common/special needs in science and technology [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . In this sense, many research groups have studied the EM response of MTMs in order to understand their fundamental features and investigated their variations to be used in many applications such as lenses, antennas, sensors, absorbers, and so on. With this regard, the motivation of this study is to design, realize, and analyze a perfect MTM absorber to be used in appropriate applications. Bilotti et al. in 2007 studied the absorber concept based on MTM structure and show that MTMs can be used to enhance the efficiency of the absorber based devices [19] . After that, studies on MTM absorber have attracted significant attention by many researchers during the last five years due to the potential advantages of low cost processes, mechanical flexibility, and fabrication simplicities [20] [21] [22] [23] [24] [25] .
In this study, a new dual-band MTM absorber composed of Ω resonator with gap and OSS configuration for microwave region is suggested and investigated both numerically and experimentally. The novel design has simple geometrical pattern which allows the simplification in the manufacturing process and provides dual absorption bands as well as the rescaling (scale-up and down) in the structure for different frequencies.
The structure shows a strong resonance and provides perfect absorption at 4.0 GHz which is validated by both simulation and experimental studies. The surface current and electric field distributions are also analyzed to demonstrate and verify the physical mechanism of the absorber. Consequently, the proposed structure with high quality features will be a good candidate among its counterparts and can be used in many MTM applications.
DESIGN, SIMULATION, AND EXPERIMENT
As mentioned before, the proposed design consist Ω resonator with gap as an external pattern and OSS configuration as internal patterns in the unit cell which shown in Figure 1 . The metallic structures on the top and bottom layers of the substrate are chosen as copper with the electrical conductivity of 5.8×10 7 S/m and thickness of 0.036 mm. FR4 is selected as a substrate with the thickness of 1.6 mm. The thickness, loss tangent, and relative permittivity of the substrate are 1.6 mm, 0.02, and 4.2, respectively. The dimensions of the structure are presented in Figure 1 (a). After the design, the sample is fabricated with the overall size of 225 cm 2 (5 × 5 unit cells) which is shown in Figure 1 dimensions are a1 = 10 mm, a2 = 5 mm, a3 = 20 mm, a4 = 2 mm, a5 = 1 mm, and a6 = 14 mm. The simulation of the periodic structure was performed with a commercial full-wave EM solver based on finite integration technique. The periodic boundary conditions with floquet port is used in the simulation. The measurement is carried out by using R&S ZVL6 Vector Network Analyzer (VNA) and two horn antennas. In the measurement, one horn acts as a transmitter and the other one detects the transmitted or reflected wave. Firstly, free space measurement without sample is carried out and this measurement used as the calibration data for the VNA. The sample is then inserted into the experimental measurement setup and S-parameters measurements are performed. The sample and devices used in the measurement are shown in Figure 2 . Note that the transmitter antenna and the front side of the sample are arranged to form face-to-face configuration with each other in the measurement.
NUMERICAL AND EXPERIMENT RESULTS
First of all, the numerical study is performed for the MTM absorber structure. After that, the results are verified by measuring the S-parameters. As known, the proposed structure will not have transmission because of the metallic plate located at its back side. The selected geometry provides strong absorption at a certain frequency because of structural properties which minimizes the reflection for the applied incident EM wave and can suitably be used in many applications where perfect absorption is required. In addition, there is a second absorption band in which the reflection is also minimum. The frequency characteristic of absorption can be calculated by A(ω) = 1−R(ω)−T (ω). The idea of maximizing absorption, A(ω), comes from minimizing both the reflection R(ω) = |S 11 | 2 and transmission T (ω) = |S 21 | 2 at the resonance frequency. There will be no transmission to be examined throughout the present study as mentioned before, as it is blocked off by the continuous metal. Therefore, only the reflection needs to be investigated which is directly related with S 11 . Consequently, the absorption can be calculated as A(ω) = 1 − R(ω). The absorption may achieve unity when the reflection is close to zero which is the main aim of the study. for the reflection and absorption spectra. Two different resonances occur around 4.0 GHz and 5.6 GHz in the reflection spectrum, thus yielding two maxima in the absorption. The first peak is about 99% both in the simulation and experiment and the second one is 84% in the simulation and 79% in the experiment. The simulation results are in good agreement with the experimental ones. The inset of Figure 3 shows the reflection response of the structure without gap in the Ω resonator. As seen, the reflection has only one resonance with the magnitude of 0.18 at 2.36 GHz in this case. This means that the gaps in the Ω resonator make the reflection smaller and provide the second absorption band. The shift in the resonance for the structure without gap with respect to the original one can be explained by the change of the capacitance and inductance values. Moreover, for the first resonance, the reflection is very close to zero which means the effective impedance Z(ω) = µ(ω)/ε(ω) of the medium matches with the free space impedance Z(ω) = Z 0 (ω) = 120π, and therefore, the reflection is minimized [24] [25] [26] [27] . This concept is proved both numerically and experimentally in which the sample has zero reflection at the resonance. For the second band, perfect impedance matching is not fulfilled. Thus, the structure provides two distinct absorption bands in which the first one is perfect and the second one is relatively good. Therefore, the proposed model can be a good practical candidate among its counterparts operated at the same frequency region reported in literature. Furthermore, the bandwidth calculations are also performed to show quality of the proposed absorber. So that, the fractional bandwidth (FBW ) of the absorption region is calculated. FBW can be found by dividing the bandwidth of the absorber to its center frequency. It can be calculated as FBW = ∆f /f 0 , where ∆f is the half power bandwidth and f 0 is the center frequency. For the first resonance, these parameters are calculated as ∆f = 0.19 GHz, f 0 = 4.0 GHz and FBW ≈ 4.76% from the simulation and ∆f = 0.25, f 0 = 4.02 GHz, and FBW ≈ 6.21% for the experiment. For the second resonance, the related parameters are ∆f = 0.182, f 0 = 5.64 GHz, and FBW ≈ 3.23% from the simulation and ∆f = 0.31, f 0 = 5.6 GHz, and FBW ≈ 5.53% from the experiment. These computations signify that the proposed structure has good quality character [34] [35] [36] . Moreover, reflection (correspondingly absorption) performances of Ω resonator and OSS structure separately are shown in the right side of Figure 3 . As seen from the figure, single and double resonances are observed for the OSS structure and Ω resonator, respectively. The performances of the individual elements are not perfect for the main resonance as in the combined one. This means that the combination of the individual elements operates effectively together and provides perfect absorption for the main mode. However, the performance of the second mode in the individual structure for Ω resonator with gap is better than the combined structure. Note that, the absorption for the second mode for the combined structure is around 80% in which it can be accepted as the second absorption band. Note again, the reflection (absorption) spectra for both individual elements between 1.0 GHz and 3.0 GHz are unity (zero) which is not shown in the figure.
In order to better understand the physical mechanism of the operation principle of the structure at the resonances, the electric field and surface current distributions are investigated at the resonant frequency of 4.0 GHz. The results are shown in Figures 5 and 6 . High concentration of the electric field around the corner of OSS, the tails of Ω resonator, and the gap, in order, is observed. The electric field are strongly coupled with the strips and supply independent electric response as working like a dipole for all polarizations. As a result, the surface charges oscillate along the external electric field. Consequently, a magnetic dipole is excited, induces a magnetic response, and causes a resonant absorption. It was observed that there is circulating, parallel, and anti-parallel currents in the pattern. The circulating and anti-parallel currents are responsible from the magnetic response while the parallel currents are in charge for the electric response. Thus, the mentioned currents are driven by strong magnetic and/or electric coupling. They induces magnetic and electric responses which can strongly couple with the corresponding field of the incident EM wave. Therefore, strong localized EM field enhancement is established at the resonance frequency. It indicates that electric and magnetic resonances appear at this resonant frequency simultaneously, which provide the ability to absorb the EM radiation almost completely under the matching condition (Z(ω) = Z 0 (ω)). Thus, EM energy is confined in the structure, which yields near zero reflection and unity absorption. Furthermore, similar observations are also monitored for the other resonance located at 5.6 GHz expect its mode as shown in Figures 7 and 8 . Electric filed is concentrated at the upper side of the Ω resonator as seen in the figure. The same current distribution is also observed. This means that electric and magnetic resonances appear at this resonant frequency too as before. However, this mode is not stronger as in the previous one thus yielding reasonable absorption compared to the previous one. Note that it averagely provides 80% absorption although it is relatively weaker than first resonance.
In the second exploration, the effects of the incidence angle on the behavior of the absorber is examined. Figure 9 shows the frequency response of the reflection and absorption for the mentioned process. It can be seen that the proposed absorber provides very well absorption for all incident angles. Especially, for the first resonance (4.0 GHz), the variation in the absorption with respect to frequency is very small and the absorption peak is still around 99%. This peak is also tested experimentally which can be seen from right panel of Figure 9 . It continues to provide the same feature for all angles at the first resonance with very small shift (less than 1%) even the incident angle is 90 • off normal. The second peak has decreasing and increasing features depending on the angle of incident. The additional peaks occur in the spectra can be explained with the phenomenon of oblique incidence. In this case, additional part of the reflected wave can also be transformed because of non-zero components of the perpendicular and/or parallel components of the incident EM wave, as seen from the figures.
As the next investigation, the effect of the polarization on the frequency response of the absorber is analyzed. The simulated absorption characteristics as a function of the frequency for the transverse electric (T E) and transverse magnetic (T M ) polarized EM waves for different polarization angles are obtained by simulation and the results are shown in Figure 10 . It is seen that the main peak of the absorption is around unity again (∼99%) for the T E and T M cases at the normal incidence. A unity absorption is preserved for the T M case while it is decreased for the T E case (still around and/or above 90%) when the incident angle changes at the main resonance. The shift in the resonance frequency is still very small as in the previous cases. The second as well as the additional peaks increased or decreased depending on polarization and the incident angle. The results show that the absorber has almost no polarization dependency for the main peak for the any arbitrary polarization with wide range of incident angles. The magnitude of the other peaks varies depending on the type of the polarization and indecent angle as mentioned. Consequently, the proposed design can be used as a perfect absorber with the availability of wide-angle incidence and polarization independency, which is very useful for the medical applications such as medical imaging, since different polarizations and different angles provide nearly same absorption character.
CONCLUSION
The absorption properties of MTM absorber composed of Ω resonator and cross-wire-strips are studied and discussed based on the experimental and simulation results. The proposed absorber has simple geometry and shows very efficient results for the studied microwave range. The experimental results are in good agreement with the numerical simulations. The simulated measured resonant absorption with close to unity magnitude (∼ 99%) appeared at 3.99 GHz. The bandwidth and quality factor of the absorber are relatively good with respect to its counterparts. This means that the performance of the structure is quite good for the microwave region. In addition, the structure is also analyzed when the incident angle and polarization state of the EM incident is changed. It shows very good performance for the mentioned variations and the absorption is kept around unity (∼ 99%) almost for all changes. Furthermore, the electric field and surface current distributions are presented and analyzed to understand the resonance absorption mechanism. As a result, the proposed absorber can serve as a model guide to design new absorbers for higher frequencies and can be used in many applications such as medical imaging, sensors, wireless communications.
